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IR = 2547l AR FE Y DU R R 2R AE R A R, K R R R A A,
T ARSI . AR L WUIRE (tetracycline) /E A Hiri5 4%, #8117 ATP@Fe,0, & &+
BRI i B B A AL A AR £ (persulfate) B ff DU 24 28 0 8505 S FLAH SCHLEE LU S 4 £k A4 B 14 7
it 5%
1 MB5RF*®
1.1 X5

M4 £ (ATP) W A TH BV RS 2 L BAR A BR AR SKE A ek (FeCl-6H,0). LKA
W R 4k (FeSO,-7TH,0). #H#R (HCl), A A Li (NaOH), H fE . i HifR 4N (NaS,0) . 4l & 1k 4 &
KNy, CHERERNE A MR ABRA R WIHRE (TC) MW A LR T AW b= ARG RA
IR 0 AT R Wil B SR v [
1.2 ATP@Fe,0, 8 A R HHI&

¥ ATP(2.0 g) A BEAT 2 8 FOK IR, BEHE 6~12h, SRJ5 7% NaOH, 175 B 0% W 1)
pH 2 8, Fil A N, T8 30 min, PAFR LM 19 0,0 K 20 mL 0.6 mol-L™" FeSO, ¥ ¥ Fil 20 mL
0.8 mol-L™" FeCl, ¥ MR UK 2 i I ABE 8 75 Ab ¥ 30 min J5, #8995 W pH & 10, FFAE 70 °C K
W gk iR 2 he feJa, HEE FKM OB RTIE, DBREFENE T, £70CEET
i 24 h, RT3 3] ATP@Fe,0, B &M KL, KikEE T TS D&M,
1.3 #HRAO 1L g R

WAL PS B TC MR IEN MR e RE . T ATP A W HHERE, Uk, 7ERFfF
ZHT, HEAT AN E W E A S . BX 50 mL 80 mg'L' TC iAW E T 150 mL #EIE M, L dhom A
1.5 g L e ARG, BCEAE 25 C fHBIR G # , LL 150 rmin” $E3h, JFIEW LI . AR — B
R[] B — 2 B R NV, 28 0.1 pm JEIE AL U8 5, DU U8R TC MUV . BMIRSEE A 3 K.

TEFEATHE B AL B % TC SZEG BT, 4% 50 mL 80 mg-L™' TC Ik & T — &AL T, b m
A [A] BT £ (25~100 mg) i ATP@Fe,0,, Jf 9477 pH & 3.0~9.0, & 7E 25 CHEKR G &1, L
150 rmin™' 3530 o 2 35 B W -4 S, B S RV (2~20 mmol L) By PS ¥ W A B AR £
W, JRUR R AR RN, IR SRR DGR BT ¢, WIGRWRIE Cpo FEBEMR RN S, 10, 20, 40, 60,
90 min HfHCRE, AEHZE 0.1 pm JEIES , W@ I D TC M . A sER I B 3 1K,
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OUIE 3R H H 78 H 57 S-4800 11 37 & S SEM(F 4 HL + &k 20 5% ) #1352 [E FEI Tecnai G2 F30 3% &
ST HTEMGE S L 88 ) #E 47 W28 . A4 ) 45 44 >R FH 78 [¥] Bruker AXS D8 Advance 2 i X # 2k i1 4142 (Cu
Ka radiation at 40 kV and 40 mA) $£ 75 XRD(X 5 L&A1 5F) 4 . fd FH X 5 £k ik &2 0 808 3% {2 (Thermo
Electron Corporation) Pk AlKa 5 5 1 A i & I EDX. K FH 3% [ ESCALAB 250 Xi X Y HL F g i1
HEAT XPS(X Gk S L F B3 ) 04T M4 BHAY % Ak 5 2 SR F VSM-EV7 i g B S i o F A7 0 e o fiff
FH RO AR A3 7% (HPLC, Hitachi L-2455) il 2 PUBA 2 (TC) ¥R . >R H 4 TOC-LCPN 43 Hr 43k
SEMEAL R FR TR U R (TC) § 4k CO, A H,O IR . 5% AR JE I8 mbk 431 W Wi 6 3% 1 A1 i1 1%
WO % 0 22 B2 7 3o R P Fe? RN H Ak A e B
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DA F B, mE 1AW, ATP A K %) 200 nm, EH A2 30 nm HIREEHY, R
WG Fe,O, KL FHIRARZ N 20 nm, S I RAVIRE ; ATP@Fe,0, & & 1K v ATP 2 i HLES
PUAR L, X K Fe,0, 48Kk T M I 11 2 T ATP £1f , UL, Wisi> T Fe,0, 4K ki 1 41

500 nm

500 nm

(a) ATP (¢) ATP@Fe 0,

E 1 ATP. Fe,0, 1 ATP@Fe,0, i) SEM [
Fig. 1 Typical SEM images of ATP, Fe,O, and ATP@Fe,0,

2) X AT B o Br o B 2 ATP. Fe,0, A ATP@Fe0,
il ATP@Fe,0, Y XRD &3, 20=19.8°4b iy 16 X WWWWNW
I T ATP B9 45AF 0613, 26 5 30.1° (220). 35.5° : s b FeO,
(311). 43.1° (400). 54.6° (422). 56.9°(511) FiI
62.6° (440) Kb (1 HUEXT i T 57 J7 A Fe, O, BYFEAE
WM, #E ATP@Fe,0, 1, BEOREA T ATP A9 %F
T, MOWEEF Fe,0, MAFFIE, X F£ W Fe,0,
YK T RS EE ATP |, FL 6 Fep 10 20 30 40 0 6 0 8
H R ATP (FFAF 454, %5 SEM 45—, 20

3) & SFHLEE S BT . I 3(a) WT L, ATP@ & 2 ATP. Fe,O, #1 ATP@Fe,0, B9 XRD [&
Fe,0, ) 22 Hy T b 42 Je /N 55 SEM 2 i 45 1 — Fig.2 XRD patterns for ATP, Fe;O,and ATP@Fe;O,

% . H ATP@Fe,0, Y JC 2 2H 1L 0 #r 45 31 (1K 3(b)~I& 3(f) il %1, ATP@Fe,O, # ¥} H & # Fe. O,
Si. AlFI Mg JC&R, MR A& 00N 2951%., 4534%. 16.86%. 4.24% 1 3.09%. % b0l %1,
Fe,0, MUY ih 71 24E ATP 1 .

4) X B FREIE . HE 4(a) "I, Al2p. Si2p. Ols, Fe2p. Mgls 7r5I7E 85.08. 110.08,
537.58. 738.58. 1309.08 eV b i 0. fH Fe2p 25 & e iy 43 e L& (& 4(b)) T 0L, i BL7E 45 & g
710.04 eV Fl1 724.58 eV 4b i) XPS W 43 548 F /N IR Fe® F /TR BL AL ) Fe' 1Y, 7E45 5 fig 712.06 eV
Ab PRI R Fe®t, HLFE 718.62 eV AbF= A AN Fe i TR 16, X gk — 8 0E T Fe¥ fil Fe* i £,
T ATP F . i Ols 455 FEM /L& (& 4(c)) AT WL, XPS 1§43 5 HY B 7E 530.23, 531.48, 5322
H1533.07 eV Ak, 530.23 eV &b X BT Fe,0, 1 fh & 2801, 531.48 eV Hl 532.2 eV HYUE 3 Ji] % 107 T 5 4
JEF (H—O) LA B BAE AR 48 (Si—O0—S1)!'7, 533.07 eV Ab ({06 X5 137 1Y) 2 A7 76 T X4 I o7 4 (O—
C=0) "I E"™, HAEAR NP REEEWEN.
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Fig.3 HRTEM images of ATP@Fe,O, and the corresponding EDX elemental mapping of iron, oxygen,
silicon, aluminum, magnesium
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Fig. 4 XPS spectra of ATP@Fe,0,
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5) wE A 2 or Mr o WNE S fr R, Fe,O, #1
ATP@Fe;0, X . (1) 2 &t Ak ith 26 ¥ B JL-F-
Ry 25 1) AN g, 3X U B ATP@Fe O, 1
Fe,0, — £ H.AG Mg ¥E", 1 ATP@Fe,0, )
e RGN 38 N 2.6x107° T, /NTF Fe,O, M ik
R SN SR 4.0x107° T, X A T 5245 R
HATP 19 H B VE P, ATP@Fe, 0, HA P
(14 36 — R PR s e B T EL A [mSRI] A v o
2.2 ATP@Fe,0, ¥ TC YK Bif Fn p& i

ATP@Fe;,0, B A M FEXF TC W Bk 1 5 i 119
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Fe,O,
0.004 +
ATP@Fe,0,
0.002 +
&
%(
e
o 0
=
#
S5
= -0.002 }
-0.004 |
~1 000 000 500 000 0 500 000 1000 000

TR IE/(A - m™)
5 Fe,0, ¥l ATP@Fe,0, B Fi ¥ B 2%
Fig. 5 Magnetization curves of Fe;O, and ATP@Fe,0,

S IR B RSP, I R SR T ATP 3 Y W B, R R R R R R R B AR, A
LN B 8 20 A FIARZS I, W B AN PR =Y, B ATP@Fe,O, XF TC M Kif 284 41%. T Fe,0,
Xt TC B B R AL/, TC H AR R AR Al LLZ WS AT I, 60 min af RUGOIA N JE AR 586 25 1 F

F14 i 1 5 RS F 1

ATP@Fe,0, i fk PS [ fi# TC By 25 5K an &l 6(b) fr7x, 90 min J5 7E ATP@Fe,0,/PS {& & 1 TC 4 %
R IR F] 98.75%, 3 E T Fe,0,/PS 1K 2R XF W 11 48.61%, 3% & th T AE 250 s g v, JE B4 i
AR BT BE Y Fe® Y i 2 A A PS 7= A2 SO, 1 G ™. ATP@Fe 0, H' ATP HIAFFEIN /N T Fe,O, #i (1]
MIAREAE T, AT 4 Hb e ik Fe, AHBCHb, XFF 4l Fe,0,, TR0 0] (4 AH AR I A1 2R, BH A
T F A . BRILZ AL, PS ARG X TC MR RN 7.72%, X R W ATP@Fe,0, & & M EHEIE 1L

PS s A7 YA
50
40 +
& 301
iy —=— ATP@Fe,0,
= 1 —e—Fe,0,
= 20 N
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. 4 S L ¢
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Fig. 6 Effects of adsorption and degradation of TC by ATP@Fe,O,

23 BEZEFESH

1) ¥ 4 pH X ATP@Fe,0,/PS 1K R L BRI K AR . IR AP 4h pH J2: 52 i 28 254 42 1k S 1
FEZERNRKRZ P hE 7 FE 70) ol LUE 3], TGI8 78 WK & B g B B, ATP@Fe,O, Xt
TC ) R BRI Bl 2 pH 138 i T B (04 28 2 R pH=3.9). ¥ Y pH £ 5% 11 Fe,0, 1 Fe*' iy
BT LA KR AR A g AR e M, SR AA HLTS e R L BR R . 7E pH=3.0 B TC W, BH
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R Fe? 25 5 i 4k PS 72 4E SOy T AE 8 pH 454 T B B A 2% ] UF (K F Fe* UL 3E Wy 78 4 4L 77
Fem LT R, BAORE, YR RNV HETT 60 min B, B Z pH=9.0 BIF W, TC HIKE
KR 80%, X % W] ATP@Fe,0,/PS {Kk & Xt TC BA KU (R BE J1 . N 5 I W pH 4 & 7(c)
Jizs, WIARE WO TR YERT , ROV TR0 pH WS THiE, S i T AR 9 19T s = 3 T 5 47 R far v oFD
THERAY HYs W) UG Wk B I, RON IS VY pH IS A RS, XA F P T IE M TEARE T
Hoﬁﬁmw,ﬁmﬁﬁﬁﬁﬁﬂﬂmﬁuﬁwkIC%@ﬁ%%m%w 5 pH=3.0 i &4 1
W RO AREEI , PR TE 5 BUSE Y TC WY pH, X 8 2 92 bR I H i 55 B 7K 1) pH 2 HE BRI AR
WE%

48 ¢ 100 or .
46 1 .)f'ﬁ?ﬁl 80 .
441 x T 7l .
S E 60t —+pH=3 =
g 421 g;t . 7 —e pH=5 ﬁ 5
= 40 & 40 1 +PH27 = S5t L]
[} . * —v—pH 9 1
38t 20+ —— 5K L
36 3L "
3395 6 7 8 9 10 11 0 10 20 30 40 50 60 70 3395 6 7 8 9 10 11
pH 52 Bisf ] /min SN R HpH
(a) WLt (b) Rfi (¢) RN Ja 7 #ipH

7 pH X} ATP@Fe,0,/PS 1K Z X[ INIF E R
Fig. 7 Effects of pH on TC removal by ATP@Fe,0,/PS system

2) 3 B R £ R FE X ATP@Fe,0,/PS IR R L BRVUFA K 52 . & 8(a) W51, HFAEAR T
B MIRR T, Ea MR EIN R E Y, ﬁu&ﬂ%%?@mTcmeKﬁﬁwﬂomf
R fife S o (&1 8(b)), TC B B i K Bt 2 PS vk B B 36 fin i 12 A6 $2 v5 , aX J2: T 76 48/ 9 PS vk i
T, &7/ Z1S0; K TC. K%/ Vi 60 min 5, F£ 15 mmol-L™" Fl 20 mmol-L™' PSR & H,
TC %% 5 10 mmol- L™ PS & R KA, XIHFE FH Wb & PS 7Y T A i LM ERRA,
T E] T TC M REARPY, 28 LAk, 3G RE ( fe HEMR % 2 10 mmol- L',

s0r1 100
80
45
[ ] [ | L] L
) # " e
& &
# 40 ¥ 40t
i - L
= & —=— 2 mmol - L
20 + —e— 5 mmol - L'
35+ —&— 10 mmol - L!
04 —¥— 15 mmol - L'
—— 20 mmol - L™!
30 1 1 1 1 1 J _20 1 1 1 1 1 1 J
2 4 6 8 10 12 0 10 20 30 40 50 60 70
B R ER M /(mmol - L) SR B ] /min
(a) WP (b) Pfi

8 IIFREREL IR E X ATP@Fe,0,/PS {4 Z X B FUIF 5 A §2
Fig. 8 Effects of initial PS concentration on TC removal by ATP@Fe,0,/PS system

3) AL BN & X ATP@Fe,0,/PS 1A 28 LERPUR R AYRZ R . H1 %] 9(a) ATAT, FEHT 60 min (41 KT

i, ATP@Fe,O, M B I # K, XF TC AW FF 35 R di - B IR 9(b) RTAT,  TC B R& fifk 2R B 2% it if
[E) 0 S T 384 in o 24 B i S 7 60 min B, &AM RHE I A 0.5 g L7 3% 2.0 gL', A A DU IR
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B F H 89.3% 1= B 97.6%, X J& i THEALFI R m AR N, A PSHEAL T 0 L2 A I8 PR
T4 T B2 19 SO; o (B AEA R A 2E— 255 (1.5 g L7 35/ 3] 2.0 g L7 A B & 4 i TC iy
fifoR, JEFECh R PS Y T A RIERAP, E Lk, RSN MESIE, EAaMeik
FERmE N 1.5 gL

60 100
55+ -
n
so b 80
45 +
& . & 60f
3 40 #
S &
= 35°F & 40 —=—05g-L!
30 " ——10g-L"!
| —A—15g-L"
25 L . 20 v—20g-L"
20 +
1 1 1 1 J O 1 1 1 1 1 1 J
0.5 1.0 1.5 2.0 2.5 0 10 20 30 40 50 60 70
ATP@Fe O $&Mils/(g - L) SV s ] /min
(a) IR (b) K

9 LRI E X ATP@Fe,0,/PS 15 R A BN KA
Fig. 9 Effects of the catalyst dosage on TC removal by ATP@Fe,0,/PS system

4) ATP@Fe,0,/PS 14 Z Wy Bt B fift 1O 34 % 1o 507
B T IO . W0 10 TR, 76 bR o]
2 e P 22 ek R e, 5 2 B T £ 4 S oast
Fe? 1 ¥ JiE 5% B0 71 75 I3 W A F 98, BBk i 2 sof
F N Fet I 2 % T % . AT 60 min (1) W Y |
L FeX Ve SR I T 5 OF A B 138 mg L %;v
M PSINAJE, Fe’'# PS IH#E™ £ SO, ~Hl Fe™, or Pt
T 5 B Fe2 R 17 M 08 /0 il Fe® e i R I 71 " e
T B B L B 45 K, B Fe¥' ity 0 010020 30 40 S0 e 70

J2 % Bk 6] /min
10 MRIRMEROFRRIERPREET.
Fe**Fl Fe HY 251k

Fig. 10 Variation of the dissolved iron, ferric ion and ferrous

WY T V% i, REWRh
SRS T BT LA, (R R TR
429 mg'L', WAL 1.5 gL & &0 BT8R &

w1 0.94%, XiHZE G EERE, BfA ion in the solution during TC degradation
G AT T

2.4 ATP@Fe,0,/PS & P& 2 MU IR & 09 I R AL

TR AR [ f 3L (SO;) 7T LUK U A 2 (TC) A Lk CO, 1 H,0, Ik, TOCHE —EfEE L Rm T
TC W) R fift 3 FE Y, ATP@Fe,0,/PS 14 R B fif DU B8 28 19 S W AL DL 1D 11, pa 11 11(a) W0, 7 B fif
60 min J5, TC MYRE %535 97%, [RIES TOC 1) RBRFR L0 50%, M 50% i) TC # I H H 34
bk CO, F H,OP", — 43 WUFR R 4 e JE 20k J5 7= A T v el A, ik 75 Bk — 20 I 5 0 o

AT, mPAAEAR (AOP) &5 T A M3 5 AP Wi i, i T WF5E ATP@Fe;0,/PS
KRR PTG BT, R RN H RIS BRI TR SR . T EE (MeOH) T S5 B R AR A H
5 (SOy) AL A B 5L ((OH) PR S g, TiAL T B (TBA) 5 -OH S i H SO PR, AT 3 #8 P h Vi K k
Z(%-OH, Mk, RH MeOH Fl TBA 4354 A SO; #l-OH A K] . &5 FRAK 11(b) s, 1Ed
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[ ] L ] +
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- x.,i.\\
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() ATP@Fe,0 2 £+ AL M EHIE AL PSR TCHY S ML R 22 2

11 ATP@Fe,0, & & LA KBHELL PS BERE TC B9 I Bz #1186 X B 7=
Fig. 11 Related diagrams of the reaction mechanism of the PS activated by ATP@Fe,0O, catalyst for TC degradation

PR ORUT EERR R, DUERR R BRI 8.92% . 91.80%, FW] 2 4t (il T EAE I A
HIESO; . MAFAER /D A A i 5 -OH J& i T SO, /Y 17 76 ff 1l 3% 40 5 %% 4k ini 4 B -OH, 1%
-OH My AL LA LSO FE R ™ e an=k (2) Fri .
SO, +H,0 — SO, +-OH+H" 2)

R Fibg5ie, $H T ATP@Fe,0, 1G4k PS Y B AILEE . W& 11(c) FiR, &4 H9S,0: 5 F
B W B 7E ATP@Fe,0, YR TH LI, 2k T ATP K1 /) Fe,0, B F A 21 i T /K v i Fe? IL [ fi#
1k PS 4= iSOy, Hiitk TC #SO; % 4L CO,. H,0 FiH )4k .
3 Zip

1) SR HILGTVE BB Fe O, KK T 5 ATP 254G, JEN-A 1 1 [R] s 545 108 B 5 4 A1k 8 1 Al 34
FHZE SR {4k 7] ATP@Fe,0,. #1451 ATP@Fe,0, B A MITREYE, A& 81 I v 5

2) ATP@Fe,O, 2Ll B R R (PS) A= U ER Y H H1 2 (SO;) A J1 1Mk, H ATP@Fe,0,/PS
KRR B R0 RBRKBER T IR R (TC) MEE 1, ZIRRM LRI : T ATP £l
Fe, 0, b T FIEB /0 va i T /K b Y Fe* 2L [l i1k PS 2 SOy, ¥ TC 44k CO,. H,0 FilH(ajfAk .,

3) IR Y pH . A 6 R R e B DA B A Ak R B i 5% ) ATP@Fe;0,/PS 14 2 %) VU 35 K 1) 2 B sk
B HPSHRE N 10mmol- L', ATP@Fe,0, B A 1.5 L™, VUMZEAEMR pH } 3.9 i}, ATP@Fe,0,/PS
R R BRI E AR A, LBRFE T IL 98.75%.
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Catalytic degradation of tetracycline by ATP@Fe,O, composite material
activated persulfate
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Abstract  Ferroferric oxide (Fe,O,) nanoparticles were supported on attapulgite (ATP) by co-precipitation
method, and a heterogeneous Fenton-like catalyst ATP@Fe,0, with both adsorption and catalytic properties was
prepared. SEM (scanning electron microscope), XRD (X-ray diffraction), XPS (X-ray photoelectron spectro-
scopy), VSM (vibrating sample magnetometer) were used to characterize the structure of ATP@Fe,0,, and the
degradation of tetracycline (TC) by ATP@Fe,0, activated persulfate (PS) were studied. The results showed that
the ATP@Fe,O, composite was a powerful catalyst for the activation of persulfate to generate sulfate radicals
(SO;), which could greatly improve the degradation of TC in aqueous solution by PS. At the PS concentration of
10 mmol-L™" and the ATP@Fe,0, dosage of 1.5 gL', the degradation rate of tetracycline solution with initial
concentration of 80 mg-L™' and pH 3.9 reached 98.75% after 90 min. This study also discussed tetracycline
removal mechanism by the ATP@Fe,0,/PS system. The Fe,O, particles supported on the ATP surface and the
partially dissolved Fe’* in the water catalyzed PS to form SO;, which oxidized TC to CO,, H,0 and
intermediates. This study results provide theoretical basis and reference for the application of catalytic materials.

Keywords ATP; Fe,O,; co-precipitation method; catalyst; persulfate; degradation of tetracycline
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